Experimental and numerical studies were performed to investigate the pumping withdrawal of a Bingham plastic fluid using a vertical circular pipe. A Laponite suspension with 3% mass concentration was used for the experimental study. Results are compared with the theoretical solution of a point sink. A virtual point sink can be identified to exist below the intake along its centerline. With the assumption of an axisymmetric flow condition, radial velocity is found to be the same within a conical zone, but varies with the axial angle outside this zone in spherical polar coordinates. It was found that the flow viscosity and yield stress do not change the location of the virtual sink but they reduce the horizontal velocity of the Laponite suspension. The extent of the sheared flow region was also studied and the deformation radius was found to be proportional to the 1 / 3 power of the pumping rate.
INTRODUCTION
Pumping non-Newtonian fluids is important in many fields of engineering. Existing studies are mainly concentrated on the applications of pumps rather than the dynamics of the fluids. In biochemical engineering, researchers tested peristaltic pump or centrifugal pump numerically (Teran et al. 2008) and experimentally , because blood and other types of fluids in the human body are all non-Newtonian. For transporting suspensions, centrifugal pump and progressive cavity pump (PCP) systems have been found to be suitable. Graham et al. (2009) experimentally investigated the performance of a centrifugal pump for lifting a power-law fluid and a Herschel-Bulkley fluid. The performance of PCP system was analyzed and modelled by Moreno and Romero (2007) and Gamboa et al. (2003) . Numerical analysis was also presented by Li et al. (1999) for extrusion process of viscoelastic cementatious flows in a shallow flight screw extruder, which is similar to a PCP system.
Suction flow of a fluid is usually represented by a point sink. While many studies focused on Newtonian fluids (Xue and Yue 1998; Zhou and Graebel 1990; Robinson et al. 2010) , only a few papers studied non-Newtonian fluids withdrawal. However, they were restricted in the investigation of surface/interface deformation and force balance (Zhou and Feng 2010; Blanchette and Zhang 2009; Berkenbusch et al. 2008; Jeong 2007) . There have been no experimental studies to examine the flow field of a non-Newtonian flow withdrawing near an intake. Our experiments were designed to develop an understanding in this area.
This study is motivated by pumping oil sands mature fine tailings (MFT) from tailings ponds, which is a challenge due to the difficulty of shearing fluids containing high concentrations of fine solids. MFT can be treated as a non-Newtonian viscoplastic fluid, especially a Bingham D r a f t 4 plastic fluid (Banas 1991) . However, our attempts to understand the physical processes in MFT have been hampered by the opacity of MFT, not allowing observations of movements inside it.
So in this study, a Laponite  dispersion is used as an artificial MFT material. Laponite is a rheological additive to make transparent clay, which also behaves like a viscoplastic fluid and can be made by mixing Laponite powder with tap water or demineralised water at different concentrations (Cai 2013) . Pignon et al. (1996) reported the rheological properties of the Laponite suspension at different volume fractions.
This study is intended to investigate the flow field induced in a Bingham plastic fluid when the fluid is withdrawn using a vertical circular pipe intake in a large tank. Tracer particles were placed in the fluid and their movements were analyzed to study the velocity and the sheared zone of the fluid. Numerical simulations were also employed to study the effects of wall boundary and Laponite characteristics on the velocity field.
METHODOLOGY Laboratory Experiments
To simulate the rheological behaviour of MFT, Laponite powder with a density of ρ L = 2600 kg/m 3 was used. The powder was mixed with demineralised water to form a gel. Rheological tests were conducted for a suspension of 3% mass concentration (i.e., volume fraction ϕ v = 1.15%) using Brookfield rotational viscometer (DV-II+) at the room temperature with the pH level of the suspension at 7. Rheological measurements of Pignon et al. (1996) for Laponite with ϕ v = 0.8 and 1.2 were also added in the figure for comparison. It should be noted that the Laponite suspension in Pignon et al. (1996) had the pH level of 9.5 and t p ≥ 75 days, whereas the Laponite suspension used in this study has the pH level of 7 and the formation time of 48 hrs. As can be seen from Figure 1 , despite the difference in formation time and pH level, the viscosities and shear stresses of
Laponite in the present study and Pignon et al. (1996) smaller than the value that can fit for a real fluid (Wilkinson 1960) . Details on the preparation procedures and the behaviours of the gel can be found in (Cai 2013) .
As shown in Figure 2 , a glass tank with a width (W) of 50 cm, depth (D) of 25 cm, and height (H) of 30 cm was used for all the experiments. A vertical PVC pipe was placed in the center of the tank and was attached to a PCP system. To investigate the impact of intake size on the pumping velocity field, two different pipe diameters (i.e., series A and B) were used as the intake for pumping; and for each size, the pumping discharge was varied. In each series, different pumping rates were set while the intake diameter was kept constant. The steady pumping flow rate (Q) was calculated by collecting the Laponite gel at the outlet of the pump several times during the process and averaging the measurements. In our experiments, all tests were running towards a steady state after a sharp flow rate rise in the beginning. To verify the flow regime, the Hedstrom number ( Table 1 were running within the laminar regime.
Black poppy seeds, 1.3 mm to 1.8 mm in diameter, were placed along the center plane of the tank as tracer particles in our experiments. Food colour was used to mark the center plane at the Laponite gel surface. It allows observation of the surface change during the experiment. After a period of 48 hours from Laponite formation, the experimental process was started and the gel in the tank was withdrawn from the intake. A CCD camera (PULNIX TM-1400CL), with a resolution of 1392×1040 pixels, was used to capture pictures at a rate of 30 frames per second (fps). The observation window size is about 22 cm in height and 16 cm in width providing an average resolution of 65 pixels/cm. At the exit of the pump, measuring cylinders were used to D r a f t 7 collect the volume of the gel and the pumping discharge was calculated. Figure 3 shows a set of raw images of pumping Laponite from the 7.2 mm intake pipe at different times during the test (Case A1). The surface of the gel was initially flat and gradually curved towards the centerline of the intake. The pumping discharge was monitored and found to increase at the beginning but reached a stable state until the end of the experiment when the gel surface dropped down to the level of the intake entrance. In Figure 3a , a 3D Cartesian coordinate system shows its origin (o*) located at the centerline of the entrance, the x-axis goes downwards and z = 0 is the center plane across the tank.
An image processing software, Davis 8, by LaVision ® , was used to calculate the velocity field for each experiment. It is designed to process Particle Image Velocimetry (PIV) images, but could be also applied in our case, because the idea of tracking particles works the same way as in a PIV setup. Compared with a typical PIV image, our particles are much bigger and the distribution density is relatively low, hence the interrogation window size was set to 256 by 256 pixels. The velocity fields were computed for all cases at different times. In processing the images, three regions were masked out for every image, as marked by the dotted lines in Figure 2 : the rectangular area occupied by the intake pipe, the zone very close to the entrance and the lowest part due to the reflection from the bottom of the tank. The reason for removing the second region is that the speed of our camera is limited to 30 fps, only allowing for tracking movement below 1.2 m/s within an interrogation window (256 pixels). However, all mean velocities at the entrance are higher than 1.2 m/s as shown in Table 1 . In addition, the tracking seeds were travelling so fast that very few could be captured near the entrance.
Numerical Simulation
In order to study the effects of tank size and Laponite characteristics on the velocity field, a solver package Ansys CFX (2009) with a homogenous multiphase laminar model was employed.
Given the axisymmetry of the flow withdrawal, only one-quarter of the tank was numerically simulated. The simulations were performed on a computer work station that has two CPU each having eight processing core running at 3.00 GHz, and a random access memory of 16 GB.
Considering the transient nature of the problem with an experimental duration and numerical time step of 0.1 second, the total computation time was between 36-73 hours for each simulation.
An opening boundary condition was employed at the top surface of the domain to control the air pressure and maintain hydrostatic pressure in Laponite suspension. This boundary condition allows the surface of the Laponite suspension to drop down. The outer wall of the domain was specified as free-slip boundary condition. Detailed mathematical models and the discretized form of boundary conditions were explained in Azimi et al. (2011) . The initial velocity of the Laponite suspension is taken as zero, and the initial pressure is provided as hydrostatic pressure.
A constant mass flow rate, measured at the pump intake, was used as the boundary condition for the domain outlet. The computational domain discretized into small cells with various sizes ranging from 0.5 mm to 5 mm. Mesh independence analysis was performed by systematically decreasing the mesh size to ensure that the numerical results are independent of the mesh resolution. Details of mesh independence analysis were explained in Azimi et al. (2011) .
Three series of test were performed to investigate the effect of flow rate (Series C), dynamic viscosity and yield stress of the Laponite suspensions (Series D), and size and geometry of the tank (Series E). The modeling details are shown in Table 2 . Figure 4 shows the measured velocity contour of Case B1. It was found that the flow reached the steady-state pumping rate after 63.8 seconds of the pumping commencement, and this steadystate pumping lasted for another 180 seconds. As can be seen from Figure 4c , the flow pattern appears to be different from the potential sink flow in a Newtonian fluid (Papanastasiou et al. 2000) . The velocity contours are not spherical and the radial velocity decays at different rates along different angular directions. The horizontal and vertical components of the velocities are denoted as u y and u x , respectively. Figure 5 shows the variations of the horizontal velocity u y at different y locations for Case A1. In this plot, each curve represents all horizontal velocity components along one vertical line in the center plane. These curves are bell-shaped close to the intake but flatten out away from it. The peak of each curve indicates where the maximum horizontal velocity component is located along x direction at different y location. It was found that the location of these velocity peaks do not change with y, and the maximum horizontal velocity along the y-axis is located at 1.4d 0 below the intake level. Accordingly, a virtual sink (O) is assumed to be located along the centerline below the intake pipe and the distance away from the entrance is equal to 1.4d 0 (see Fig. 2b ). Solid curves show the horizontal velocity profiles from numerical simulation of Case A1. As can be seen, the model was able to predict the peak 
RESULTS AND ANALYSIS
where r is the radial distance from the point sink (Papanastasiou et al. 2000) . The radial velocity increases dramatically as the fluid is being sucked into the point sink (O). If a spherical polar coordinate system is employed with its origin located at O (Fig. 2b) , the radial velocity u r in our experiments can be obtained at different angles. The sink flow solution has been used to model the selective withdrawal of a two-layer flow (Shammaa and Zhu 2010) . Shammaa and Zhu (2010) experimentally showed that the flow noticed the pipe intake and the pipe wall at a distance of 3 and 1.5 intake diameters from the intake axis, respectively. 
D r a f t
Numerical results for the region that the intake pipe has no impact on the flow field (r>1.5d 1 )
were compared with the analytical solutions and laboratory measurements for Cases A1 and B1.
As can be seen in Figures 6a and 6b , numerical simulations performed better than the analytical solutions. The prediction errors of numerical simulations and analytical solutions were on average −6% and +9%, respectively.
For a steady-state fluid in spherical coordinates, the continuity equation can be written as: results presented in Figure 7 was only valid for a short radial distance ranges of 3 cm < r < 6 cm whereas, the numerical simulation can provide the results for a wider range. 
DISCUSSION

Velocity Field
The velocity field obtained using Eq. 4 can be integrated to compare with the pumping rate. By the definition of flow rate, at a distance of r from the virtual sink, it can be calculated using the integration as shown below,
Substituting u r using Eq. 4 and Eq. 6, it unveils the comparison of the integrated discharge and the measured value as Q * /Q=1.13. It shows the estimation of discharge using f (θ) is 13% higher than our measurement. The difference likely comes from a number of sources: the flow was confined behind the pipe wall and very small amount of gel was withdrawn from the zone θ > when it is close to the virtual sink. Figure 10 shows that the velocity profile is more affected by the virtual sink when the virtual sink is further away from the nozzle. To examine the effect of angle θ , Eq. 9 is derived by θ : , which means the radial velocity is reduced by 1 / 9 when an image sink is present. In our experiments, Figure 7 only includes data up to r = 6 cm, which is in the range from 0.52a to 0.56a in each test. Accordingly the reduced rate of u r is from 12.5% to 14.8% in the case of potential flow. However, in a viscoplastic fluid, the sheared region is limited within the zone close to the intake, and the flow will not be affected by the bottom much. Nevertheless, if the boundary effect has to be estimated, it should be less than 14.8% in our case.
Deformed Area
Understanding the extent of the deformed area is important as it indicates the sheared zone in the fluid which contributes to the pumping production. In a 3D domain, if the following assumptions are applied: (a) the Laponite gel is incompressible, (b) the pump is running steady-state, (c) the flow is laminar, (d) the flow is axisymmetric with respect to x-axis, and (e) there is radial motion only, the rate of deformation tensor can be simplified as Tadmor and Gogos (2006) : 
where τ and γ& are, respectively, the second principal invariant of the stress tensor and the rate of deformation tensor. They are defined as 
In the fluid domain, the area where 0 τ τ ≤ is under a zero rate-of-strain condition, hence it moves like a rigid body. Fluid in other regions is moving like viscous liquid and the components of stress tensor can be calculated using Eqs. 14a and 15.
In the regions with low shear stress the fluid move like rigid body, commonly referred as "rigid" regions or plug regions (Widjaja et al. 2003) . In contrast, the rest are sheared by relatively high stresses and they are called as "flow" regions. The radius of these flow regions depends on the pumping discharge, and a high discharge yields a large deformation radius. In our tests, the maximum shear rate occurs at θ = 90° and the minimum is at θ = 0°. The magnitude of γ& is proportional to the withdrawal discharge Q. Using Eq. 4 to Eq. 15, we have 
Effects of Laponite characteristics and the tank size
It is important to study the pumping capability of Laponite suspension at different conditions. Figure 11a shows the simulated Laponite velocity field at the vicinity of the intake. Numerical results were extracted from vertical profiles at different distances from the axis of the intake pipe.
Vertical profiles were located from 30 mm to 60 mm from the axis of the intake pipe to show the variations of the axial velocities. Comparison between the numerical results ( Figure 11a ) and experimental observations ( Figure 5 ) indicates that the model can predict the peak horizontal velocity at different y locations within an average of 12% error. The thick horizontal line shows the location of the virtual sink which is close to 1.4d o , consistent with the lab experiments. Figure 11b shows the effects of Laponite characteristics on the flow velocity field. Two tests were run to investigate the sensitivity of plastic viscosity (Cases D1 and D2). In both cases the yield stress was kept constant and the dynamic viscosity was varied. The dynamic viscosity and yield stress in Cases D3 and D4 were increased by 1.5 and 2 times of the experimental run,
respectively. Figure 11b , shows the effect of dynamic viscosity and yield stress on the horizontal Laponite velocity at y = −30 mm. It was found that by increasing the dynamic viscosity by four times the peak horizontal velocity of Laponite decreased by 4.4% and the location of the peak Laponite velocities are in consistent with the experimental observation. The peak horizontal velocities for Cases D3 and D4 decreased by 3.6% and 9.7%, respectively. It was found that the effect of dynamic viscosity becomes negligible far from the intake (i.e., y = −80 mm) but an increase in yield stress reduces the Laponite velocity by 50%.
D r a f t
Effect of the bottom wall on the flow structure was investigated by reducing the distance between the intake pipe and the bottom wall, h 2 . In experimental Case B1 this distance was 0.119 m and this distance was reduced to 0.059 m and 0.029 m in Cases E1 and E2, respectively, while the flow rate was kept constant as 95 mL/s. Figure 12 shows No noticeable effects were found due to the effect of wall boundaries on the velocity filed of Laponite suspension.
SUMMARY AND CONCLUSIONS
This paper presents laboratory and numerical studies on pumping a Bingham plastic fluid using a vertical circular pipe. The experimental results show that the intake pipe can be simplified as a virtual point sink located below the intake entrance. The horizontal velocity profiles close to the intake appear to be symmetric to a horizontal line but far from the intake the horizontal velocity profiles appear to be asymmetric. It was found that the location of the virtual sink is 1.4d 0 below the intake pipe. A parameter f(θ) was identified to predict radial velocities at different angles. It was found that f(θ) can be modeled using a cosine function. Integration of radial velocity over a sphere with a radius of r showed that the estimation of discharge using f(θ) resulted in 13% D r a f t 19 overestimation of the measured flow rate. In spherical polar coordinates, a conical zone is found to be within 15° under the intake. In this region, the magnitudes of radial velocity at different directions are almost the same; while in the outer region from 15° to 150°, the radial velocity varies at different angles. In the flowing domain, the radius of the deformed area is proportional to the 1 / 3 power of the pumping flow rate.
Effects of Laponite volume fraction ϕ v on the horizontal velocity profiles were numerically studied by changing the viscosity and yield stress of the 3% Laponite. By increasing the dynamic viscosity by four times the peak horizontal velocity of Laponite at y=-30 mm decreased by 4.4%.
The peak horizontal velocity at y=−30 mm decreased by 9.7% when both dynamic viscosity and yield stress doubled. Effects of bottom boundary on the radial velocity distribution were numerically investigated by systematically decreasing the distance between the intake pipe and 
